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Abstract

Seed-borne diseases pose a significant threat to agriculture by affecting the
seed quality, germination, and crop yield. This review examines how seed-
borne pathogens including fungi, bacteria, viruses, and nematodes affect
agricultural productivity and food security. The mechanisms of transmission
and infection were analyzed, focusing on vertical transmission and seed
microbiome dynamics. The factors affecting disease prevalence, including
environmental conditions and seed storage practices, were examined. The
review assessed the effects of seed treatment on crop productivity and yield,
emphasizing the importance of seed health. Methods for detecting seed-
borne pathogens, including visual inspection, blotter tests, and PCR-based
techniques, are presented. Seed health testing and certification of global trade
requirements are also highlighted. This review addresses the challenges in
managing these diseases, including novel pathogens and climate change
impacts. A comprehensive strategy incorporating technological innovations
and enhanced regulations is required for sustainable crop production.
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Introduction

The global population is experiencing rapid growth,
presenting a significant challenge to agriculturalists
worldwide in terms of ensuring adequate food supply.
Seeds are a fundamental and essential input for
agriculture, and play a crucial role in achieving global
food security. Approximately 90 percent of crops
cultivated globally are propagated through seeds.’
Seed-borne diseases are plant infections caused by
pathogens that reside within or on the seed surface.?
These diseases significantly affect agriculture by
hindering seed germination and seedling growth,
ultimately reducing crop yield. Seed-borne pathogens,
such as fungi and bacteria, can substantially diminish
seed quality and adversely affect crop production by
decreasing both the quantity and quality of the output.3#

The significance of managing seed-borne diseases
in agriculture is multi-faceted. First, healthy seeds
are essential for successful crop cultivation, as they
directly affect the effectiveness of other farming
inputs and can boost crop yield by approximately
18-20% when optimized. However, seed-borne
pathogens can severely hinder seed germination
and diminish seedling vigor, resulting in yield losses
ranging from to 15-90% in severe cases.?

Seed-borne diseases play a significant role in the
global dissemination of plant pathogens, as infected
seeds can transport diseases across regions and
even continents, resulting in new outbreaks and
impacting biodiversity. Biological control agents
and eco-friendly alternatives are being investigated
as substitutes for chemical pesticides, which pose
environmental hazards and contribute to pathogen
resistance.® These biological interventions include
the use of endophytes, beneficial microbes that
inhabit seeds and suppress harmful pathogens,
highlighting their potential to enhance plant resistance
and promote growth.%7

Economic losses can also arise from diminished
seed quality, which affects seed marketability.®
The seed industry, particularly in commodities
such as tomatoes and peppers, consistently
grapples with seed-borne bacteria that adversely
affect crop yields and profits.® The necessity
for extensive chemical treatments to disinfect
seeds not only increases agricultural input costs
but also raises environmental concerns. These
treatments are crucial for managing pathogens,
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particularly fungi, and for ensuring sustainable
crop production.®'® However, the decreasing
effectiveness of chemical treatments against
bacterial pathogens presents further challenges,
prompting the need for alternative methods
such as thermotherapy or biological control.

These diseases also influence crop management
practices, including reseeding, because of low seed
germination or poor seedling emergence rates.
This involves significant direct and indirect costs
for farmers." Therefore, addressing seed-borne
diseases is crucial for reducing economic losses and
ensuring food security through sustainable agri-
cultural practices. This review aims to explore the
significance of seed-borne diseases in agriculture,
examining theirimpact on crop production, global food
security, and economic outcomes, while discussing
potential management strategies and alternative
control methods.

Areas Covered

This review covers the following key areas

+  Types and impacts of seed-borne pathogens
(fungi, bacteria, viruses, and nematodes) on
crop production and food security

* Transmission mechanisms and infection
processes of seed-borne diseases

* Factors affecting prevalence of seed-borne
diseases (environmental conditions, seed
storage practices, crop management)

»  Detection and diagnosis methods for seed-
borne pathogens (traditional and advanced
techniques)

*+ Management and control strategies (seed
treatments, cultural practices, resistant varieties,
integrated disease management)

« Effects on seed quality, germination, seedling
vigor and crop yields

»  Seed health testing and certification for global
trade

*  Challenges in managing seed-borne diseases
(emerging pathogens, climate change impacts,
limitations of current methods)

This review work conducted a comprehensive
literature review of topics related to seed-borne
pathogens and their impact on agriculture.
This review examines research on the biology,
epidemiology, detection, and management of seed-
borne diseases in various crops synthesizes current
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knowledge and highlights key issues and future
research needs in this field.

Expert Opinion

Seed-borne pathogens pose a significant threat
to global agriculture and food security by affecting
seed quality, germination rates, and crop yields.
These pathogens, including fungi, bacteria, viruses,
and nematodes, can cause substantial economic
losses, with yield reductions ranging from 15-90% in
severe cases. The impact of seed-borne pathogens
is multifaceted. Infected seeds often have lower
germination rates and produce inferior seedlings,
which directly affects crop establishment and yield
potential. Moreover, these pathogens can spread
to new areas through infected seeds, leading to
disease outbreaks across regions and continents,
raising major biosecurity concerns in global seed
trade. Economic losses extend beyond direct yield
reduction. Seed-borne diseases increase production
costs through the need for chemical treatments
and potential crop failures that require replanting.
Heavy reliance on chemical seed treatments also
raises environmental concerns and the risk of
pathogen resistance development. Climate change
further complicates the management of seed-borne
pathogens. Shifting weather patterns may alter
pathogen distributions and infection dynamics,
making the implementation of effective control
strategies more challenging. The detection of seed-
borne pathogens remains a challenge. Advanced
techniques such as PCR and hyperspectral imaging
offer improved detection, standardization and cost
which remain barriers to their widespread adoption.
Additionally, international standards for seed health
testing and certification are not fully harmonized,
potentially allowing the spread of pathogens through
trade. The Effective management of seed-borne
pathogens requires an integrated approach. This
includes combining cultural practices, resistant
varieties, biological controls, and the reasonable
use of chemical treatments. The development of
novel seed treatments, including biocontrol agents
and natural compounds, can provide protection
while reducing environmental impacts. Continuous
breeding efforts and genetic engineering approaches
to develop pathogen-resistant crop varieties are
crucial. Understanding and harnessing the beneficial
seed-associated microorganisms may offer new
avenues for disease suppression. Management
approaches also need to account for potential
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shifts in pathogen behavior due to climate change.
Enhancing global collaboration on seed health
standards, testing protocols, and information sharing
is essential for preventing disease spread through
trade. Emphasis on agroecological approaches
and integrated pest management can reduce
reliance on chemical inputs while maintaining crop
health. Exploring emerging technologies such as low-
pressure plasma treatments and nanotechnology-
based approaches may provide additional
management tools. Key areas for further research
include seed-pathogen-environment interactions,
transmission mechanisms, and the development of
rapid, field-deployable diagnostic tools.

In conclusion, managing seed-borne pathogens
requires a multifaceted approach that combines
technological innovation, sustainable practices, and
enhanced international cooperation. By addressing
these challenges, cooperative work can focus on
mitigating the impact of economically important plant
pathogens and ensuring global food security.

Types of Seed-borne Pathogens

Seed-borne pathogens can be categorized as fungi,
bacteria, viruses, and nematodes. Each plant type
has specific characteristics that affect its health.

Fungi

Fungal pathogens are among the most prevalent
seed-borne threats to crops, causing diseases such
as anthracnose, rust, and smut, which negatively
affect the crop yield and quality. For example, maize
seeds can carry fungal pathogens such as Fusarium
moniliforme and Aspergillus species, which generate
mycotoxins harmful to both plants and humans.'?4
However, endophytic fungi can also offer benefits,
as some fungal isolates have been found to inhibit
the growth of harmful pathogens.®

Bacteria

Bacterial pathogens carried by seeds can cause
significant diseases that negatively affect germination
rate and seed quality. For example, Pseudomonas
syringae and Xanthomonas axonopodisare
frequently found in soybean plants, where they
hinder seed growth and crop yield.® Certain seed-
borne bacteria, such as Burkholderiaplantarii in rice,
are crucial contributors to disease development
because of their interactions with environmental
factors.”
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Viruses

Seed-transmitted viruses can be disseminated
through nematode vectors, which acquire and
transmit viruses, such as the tomato black ring virus
(TBRV) and raspberry ringspot virus (RRV) from
infected seeds to healthy seedlings. The prevalence
of these viruses varies depending on the host plant
and environmental conditions, which influence their
persistence and spread.™

Nematodes
Nematodes are microscopic worms capable of
carrying viruses and spreading them through seeds

and soils. For instance, root-knot nematodes affect
cucurbit crops by causing root diseases, which
can be managed through resistance breeding and
grafting.’ Interactions and specificity between
nematodes and other pathogens, such as fungi or
bacteria, can intensify crop disease.’

Common Seed-borne diseases

Seed-borne diseases affect a wide range of crops,
including cereals, legumes, vegetables, and other
economically important species. Some common
major seed-borne diseases in key crop types are
listed in Table 1.

Table 1: Some common seed-borne diseases in crops.

Crop Type Crop Disease Pathogen Symptoms
Cereal Maize Anthracnose Colletotrichum Stalk discoloration, rot,
(Zea Mays)  Stalk Rot graminicola lodging, and yield loss.
Charcoal Rot Macrophominaphaseolina Root and lower stem rot,
reduced vigor and yield.
Aspergillus Aspergillus flavus Kernel rot, aflatoxin
Ear and contamination (health risk)
Kernel Rot
Corn Smut Ustilago maydis Galls on various tissues,
reduced yield.*
Rice Seed-borne Burkholderiaplantarii Affects seed vigor, leads
Bacterial to bacterial blight or leaf
Diseases streak.”
Legume Soybean Leaf Spot Cercosporasojina, Leaf spots, premature
Diseases C. kikuchii, Septoria defoliation, reduced
glycines photosynthesis and yield.®
Vegetable Tomato Fusarium Fusarium oxysporum Wilting, yellowing foliage,
Wilt plant death.'®
Early & Alternaria solani, Leaf lesions, leaf spots
Late Blight Alternaria alternata, and and rots, significant yield
Phytophthora infestans loss.
Eggplant Leaf spot / Alternaria alternata Leaf lesions, leaf spots
blight Significant yield and
quality loss."”
Pepper Leaf spot Alternaria alternata Leaf lesions, leaf spots
Reduced plant growth;
physiological &
biochemical changes.®
Cucurbits Downy Pseudoperonospora Affects foliage, reduces
Mildew cubensis photosynthesis and yields
Gummy Didymella bryoniae Stem cankers, fruit rot."

Stem Blight
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Economically  Lentils Ascochyta Ascochyta spp. Leaf spots, stem lesions,
Important Blight pod infection, yield and
quality loss
Chickpeas Anthracnose Colletotrichum Sunken lesions on pods
Blight truncatum and stems, seed loss."®

The management of these diseases involves
integrated pest management practices, including
crop rotation, seed treatment and the use of resistant
varieties.

Transmission and Infection Mechanisms
Seeds can be infected by pathogens through
a variety of methods, posing a major threat to
agricultural production, as they can transmit
diseases to both young seedlings and fully grown
plants. These seeds can serve as vectors for
various pathogens, including viruses, bacteria,
and fungi.

Infection Mechanisms of Seeds by Pathogenic
Microorganisms

Vertical Transmission

Viruses frequently evade plant defence systems and
exploit seeds for transmission. This transmission can
occur through viable seeds, with viruses entering
directly via the embryo or indirectly via the pollen
grains or ovules. For instance, viruses such as the
zucchini yellow mosaic virus (ZYMV) and pepino
mosaic virus (PepMV) can spread through seeds,
serving as reservoirs for these viruses and facilitating
their dissemination.20-23

Bacterial Invasion

Seeds can serve as reservoirs for bacterial
pathogens. Specifically, Xanthomonas citri pv.
fuscans can infiltrate seeds via vascular elements,
micropyles, and testa. These bacteria can penetrate
seed tissues and effectively utilize the floral route for
seed infections.?42°

Seed Microbiome Dynamics

The seed microbiome is integral to its interactions
with pathogens. Although pathogenic agents such
as Alternaria brassicicola can be transmitted
through seeds, their interactions with other microbial
inhabitants on seeds can influence their transmission
rate and facilitate the establishment of pathogen
niches within seed tissues.?

Transmission from Seeds to Seedlings and
Mature Plants

Seedling Infection

This mode of transmission allows pathogens to
bypass plant defenses and gain early access
to vulnerable tissues. Viruses such as Zucchini
Yellow Mosaic Virus (ZYMV) and bacterial species
such as Xanthomonas can persist on seeds, lying
dormant until conditions favor seed germination and
pathogen proliferation. The process of pathogen
transmission from seeds to seedlings involves
interactions between the pathogen, seeds, and
emerging plant tissues. As the seeds absorb water
and germinate, the pathogens become metabolically
active and rapidly multiply. They can then colonize
the developing root system, cotyledons, or primary
leaves of seedlings. Early infection can lead to
systemic spread throughout plants, resulting in
stunted growth, reduced vigor, and decreased
yield. Moreover, infected seedlings can serve as
sources of inoculum, facilitating pathogen spread
to neighboring plants and exacerbating disease
outbreaks in agricultural settings.?2

Epidemiological Implications

Environmental conditions play a crucial role in
seed pathogen survival and transmission, while
temperature, humidity, and soil composition affect
pathogen viability and spread. Stressful abiotic
conditions such as drought, extreme temperatures,
or nutrient deficiencies can weaken the natural
defenses of plants, making them more susceptible
to pathogen invasion. When favorable conditions
return, these pathogens, which survive during the
stress period, can spread rapidly throughout plant
populations, leading to increased disease incidence
and crop losses. The ability of seed pathogens
to persist under adverse conditions and exploit
improved environments highlights the importance of
understanding environmental factors in plant health
and developing resilient varieties with integrated pest
management approaches that consider pathogen-
host-environment interactions.?
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Non-host Seed Transmission

Seeds from non-host plants occasionally harbor
these pathogens. Although these seeds may not
exhibit symptoms or trigger immune responses, they
can facilitate pathogen dissemination, underscoring
the intricate nature of the pathogen transmission
dynamics via seeds.?

In conclusion, seed-borne pathogen transmission is
a multidisciplinary concern affecting plant disease
management. Efforts to manage these transmissions
include understanding pathogen-host interactions,
seed microbiome dynamics, and environmental
impacts, which are crucial steps in combating the
spread of plant diseases.

Factors Affecting Seed-Borne Diseases
Seed-borne diseases are influenced by various
factors including environmental conditions, seed
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storage practices, and crop management techniques.
Each factor plays a crucial role in exacerbating
or mitigating the effects of these diseases on
agricultural productivity.

Environmental Conditions

Environmental factors, including temperature and
humidity, significantly affect the occurrence and
dissemination of seed-borne diseases in plants.
Pathogens often thrive under conditions favorable
for seed germination and plant growth, resulting
in an increased incidence of disease when such
conditions are present.* Elevated humidity levels and
moderate temperatures are particularly conducive to
the proliferation of numerous fungal and bacterial
pathogens, thereby increasing the risk of seed-borne
diseases.?” Environmental conditions are mentioned
in Table 2.

Table 2: Optimal temperature and relative humidity requirements of selected plant pathogens,
along with their environmental preferences, highlighting conditions that favour their growth,
survival, and infection potential.

Pathogen Optimal Relative Environmental Preference
Temperature Humidity Requirement
Colletotrichum Warm High Typical of many fungal
graminicola pathogens; thrives in moist,
warm climates.?
Macrophomina Warm Low Prefers dry conditions;
phaseolina common in warmer climates.?
Aspergillus Hot Low Produces aflatoxins; thrives
flavus in hot, dry, drought-prone areas.
Ustilago Moderate High Corn smut pathogen;
maydis optimal spore germination
in humid conditions.®'
Burkholderia Wide range High Bacterial pathogen; humidity
plantarii essential but temperature
tolerance is broad.*?
Cercospora Variable High High moisture boosts virulence;
sojina common in humid regions.3?
Cercospora Variable High Similar to C. sojina; slight
kikuchii variation in temperature
preference.
Septoria Stable High Prefers consistent temperatures;
glycines moderate reduced activity with extreme
fluctuations.®*
Fusarium Warm Moderate Adaptable to various climates;
oxysporum High prefers moist soils.3s
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Alternaria Moderate

solani

Alternaria Moderate
alternata

Phytophthora Cool

infestans

Pseudoperonospora Cool

cubensis

Didymella bryoniae Warm
Ascochyta spp. Moderate—\Warm
Colletotrichum Moderate—Warm
truncatum
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High High humidity aids spore
dispersal; causes early blight.?
High Similar to A. solani; favors
humid conditions for infection.3?
High Late blight pathogen; thrives
in cool, wet conditions.?®
High Downy mildew pathogen;
rapid spread in cool, humid
conditions.*
High Infects cucurbits; needs warm,
wet conditions.®
High Fungal pathogen; moisture
essential for infection cycle.
High Requires humid environments

for growth and infection.3®

Seed Storage Practices

Effective seed storage is essential for reducing the
incidence of seed-borne diseases. By maintaining
the seeds under controlled temperature and humidity
conditions, the risk of pathogen proliferation can be
minimized. Additionally, seed treatment and coating
with compounds such as chitosan are beneficial for
improving the seed quality. Chitosan serves as a
seed coating that not only provides a physical barrier
against pathogens but also induces plant defence
mechanisms, thereby decreasing susceptibility to
infection.®

Crop Management Techniques

Crop management practices and seed treatment
play crucial role in influencing the dynamics of seed-
borne diseases. Innovative seed treatments, such
as the application of biocontrol agents and natural
compounds, have been developed to shield seeds
and seedlings from pathogen attacks, thereby
minimizing reliance on synthetic pesticides.%®
Furthermore, incorporating seed endophytes into
seed treatment offers the dual advantages of disease
suppression and plant growth promotion. Some
studies have shown that endophytes isolated from
seeds can effectively protect against and suppress
seed-borne pathogens.®

These factors highlight the complexity of managing
seed-borne diseases, necessitating a comprehensive
approach that integrates environmental management
,advanced seed treatment and holistic crop
management techniques. Understanding these
interactions will aid in the development of effective

strategies to mitigate the adverse effects of seed-
borne diseases on crop health and yields.

Detection and diagnosis methods

Methods for the detection and diagnosis of seed-
borne pathogens are essential to maintain seed
health and prevent disease dissemination. These
methods are categorized into traditional and
advanced techniques, each with unique context-
dependent advantages and limitations.

Traditional Methods

Visual Inspection and Blotter Tests

Traditional methods, such as visual inspection and
blotter tests, are the initial approaches for identifying
seed-borne pathogens. Visual inspection entails
scrutinizing seeds for evident signs of infection,
which is effective for visible pathogens but fails to
detect asymptomatic infections in seeds. This tests
involve incubating seeds on moist blotting paper
to facilitate pathogen growth and identification.
Although these methods are straightforward and
cost-effective, they are labor-intensive and may
lack the sensitivity required to detect low levels of
infestation or asymptomatic pathogens.*

Agar Plating

Agar plating is a method used to cultivate and identify
fungi in seed samples using media such as Potato
Dextrose Agar (PDA). This technique is particularly
effective for detecting fungal pathogens such as
Aspergillus and Fusarium species. However, this
is a time-consuming process and non-culturable
pathogens may not be identified.*
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Advanced Techniques

Polymerase Chain Reaction (PCR)

PCR has significantly advanced the detection
of seed-borne pathogens, owing to its high
sensitivity and specificity. This facilitates the
amplification of pathogen DNA from seeds, even
in the presence of inhibitory compounds at low
pathogen concentrations. Although PCR-based
methods require high-quality DNA extraction,
techniques such as Bio-PCR and immunomagnetic
separation have improved their effectiveness. PCR
can be integrated with other technologies, such as
DNA chip technology for rapid and specific pathogen
detection.*

Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA is a serological test that uses antibodies to
identify specific pathogenic proteins in a sample. It
offers a quantitative assessment of the presence of
pathogens, and is advantageous for high-throughput
screening. However, this method requires specific
antibodies for each pathogen and may not be able to
detect novel or less well-characterized pathogens.®

Next-Generation Sequencing (NGS) and CRISPR/
Cas-based Methods

NGS facilitates comprehensive profiling of seed
microbiomes, enabling the detection of both known
and novel pathogens. CRISPR/Cas-based methods
are innovative approach characterized by high
sensitivity and specificity without the need for
extensive equipment. Although these technologies
hold significant promise, further development
and cost reduction are required for their routine
application.#142

Hyperspectral Imaging (HSI)

When integrated with artificial intelligence, HIS
enables the precise differentiation between healthy
and infected seeds through spectral signatures.
Although this method shows promise for high-
throughput screening, it entails considerable costs
and requires interdisciplinary collaboration to
standardize and validate the protocols.*?

By integrating traditional and advanced methods, the
detection and diagnosis of seed-borne pathogens
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can be significantly improved, thereby facilitating
effective disease management and ensuring the
safety and quality of agricultural seed stock.

Management and control strategies

Effective management and control of plant diseases
necessitate a multifaceted approach that incorporates
seed treatments, cultural practices, the use of
resistant varieties, and integration strategies.

Seed Treatments or priming

Seed treatment serves as a crucial initial defence
against soil-borne diseases and pests. These
treatments can be categorized as chemical,
biological, or physical treatments. Chemical
seed treatments involve the use of fungicides or
insecticides to shield the seeds from pathogens
and pests during germination. Biological treatments
employ microorganisms, such as beneficial fungi
or bacteria, to suppress pathogen growth. Physical
treatments may include heat treatment, which
eradicates pests without the use of chemicals.*?
Details of chemicals used for seed treatment is
given in Table 3.

Cultural Practices

Cultural practices play a crucial role in the
management of plant diseases by disrupting the
life cycle of pathogens. Techniques such as crop
rotation, sanitation, proper irrigation, and the use
of disease-free seeds can effectively prevent the
spread of diseases and reduce the pathogen load
in the environment. These practices contribute to
sustainable agriculture by minimizing dependence
on chemical inputs.*®

Resistant Varieties

The development and utilization of plant varieties
resistant to specific pathogens are essential for
sustainable disease management. This strategy
reduces dependence on chemical pesticides and
can facilitate the long-term control of plant diseases.
Techniques in genetic engineering and traditional
breeding have been employed to create resistant
varieties capable of withstanding pathogen attack,
thereby enhancing agricultural productivity and
sustainability.*®
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Table 3: Chemicals used for seed priming in crop applications, their benefits,
main purpose, and mode of action.

Chemical Crop Used Benefits Mode of main
for Seed Action purpose
Priming
Salicylic acid Bread Improved Acts as signaling Boosts plant
wheat germination, molecule in immunity; contributes
cultivars and yield systemic acquired to integrated
especially resistance (SAR); pest management.*
under saline enha’'nces
conditions antioxidant
enzymes;
regulates ion
uptakeunder stress
Thiourea Capsicum Improved Scavenges reactive Higher germination
tolerance oxygen species rates and
to cold and (ROS); improves better seedling
salt stress osmotic adjustment; survival.**
stimulates
antioxidant defense .
Hydrogen Capsicum Improved Functions as signaling  Priming for stress
peroxide tolerance molecule; induces resistance.*
to cold and antioxidant
salt stress enzymes; promotes
seed metabolism
during germination
Potassium Maize Enhanced Supplies Enhance seedling
phosphate germination phosphorus and vigor and nutrition.*
and seedling potassium; induces
vigor; reduced systemic resistance
phytate via defense pathway
content activation.
Acetylsalicylic ~ Wheat, Enhances Converted into Enhance disease
acid tomato, disease salicylic acid; resistance and
rice resistance, may trigger seedling vigor
improves defense-related

seedling vigor

gene expression

Integrated Disease Management (IDM)

IDM encompasses the application of multiple
strategies for sustainably managing plant diseases.
This approach integrates chemical, biological, and
cultural controls to establish a comprehensive
defence system against pests and diseases
in crops. The IDM mitigates the environmental
impact of agriculture by reducing chemical use
and encouraging alternative control strategies.

Advancements in precision agriculture technologies,
such as drones and remote sensing, facilitate
the early detection and management of disease
outbreaks, thereby enhancing the efficacy of IDM.4748

Incorporating a diverse set of strategies can signifi-
cantly enhance disease management, promote
environmental sustainability, and increase the
agricultural output.
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Impact on seed quality and crop yield

Seed quality is a critical determinant of germination
rate, seedling vigor, crop productivity, and yield loss.
Seed quality is influenced by a range of factors
including genetic characteristics, health, and viability,
all of which affect crop performance.

Effects on Germination and Seedling Vigor

Seed quality plays a crucial role in determining
germination rate and seedling vigor. High-quality
seeds generally exhibit superior germination rates,
which results in robust seedling growth. This is
attributed to the preservation of the integrity of
macromolecular structures, such as DNA, which are

essential for subsequent cell division and growth.
Maintaining genome integrity during the initial stages
of seed germination reduces the risk of growth
inhibition and mutations, thereby enhancing seedling
vigor.*® Furthermore, seed priming techniques,
such as optical seed priming, have been shown to
enhance germination rates by up to 180% compared
with controls, as demonstrated in cotton seeds.
This method improves the germination process
by utilizing various light spectra to precondition
the seeds, resulting in more vigorous seedlings.°
Advanced seed priming techniques along with its
purpose and effects are given in Table 4.

Table 4: Advanced seed-priming techniques and bio-based methods for improving germination,
stress resilience, and disease resistance in plants.

Technique Example / Source Main Purpose Mechanism / Effect
| Method
Bacterial Metabolites from Induce plant Activates defense pathways
Metabolites Bacillus gaemokensis immunity; reduce (salicylic acid, ethylene,
bacterial diseases jasmonic acid); increases yield.5'
Cell Cycle Mimosine,aphidicolin, Enhance seed Suppress seed deterioration
Inhibitors hydroxyurea, oryzalin storability during priming.%2
Silicon Calcium silicate Alleviate salt Enhances antioxidant
Compounds stress in lettuce responses; improves
germination.5?
Chitosan Chitosan-based Alleviate salinity Boosts germination potential
Nanoparticles  nanoformulation stress in rice & vigor; enhances biochemical
responses.®*
Wood Bio-based distillate Eco-friendly Improves germination
Distillate from wood germination & seedling growth
enhancer (chickpea, lettuce, basil).®
Cold Plasma-treated seeds Improve Enhances nutrient uptake
Plasma germination & & antioxidant defense

seedling establishment

(e.g., cumin).%®

These chemicals and methods highlight the
diverse approaches available for improving seed
germination and building plant immunity, indicating
a broad potential for application in agriculture to
address environmental stress.

Influence on Crop Productivity and Yield Loss

Seed vigor directly influences crop yield through
plant performance and indirectly through plant
population density. Studies have shown that

seed vigor significantly affects crop yield during
the vegetative and early reproductive stages of
development. However, in crops harvested at full
reproductive maturity, the influence of seed vigor
decreases as seed yield is not closely tied to
vegetative growth.%” Seed-borne pathogens reduce
seed germination and vigor, leading to yield losses
of 15-90%, highlighting the need for seed health
maintenance.?
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Environmental factors affecting seed quality and
crop yield. Elevated CO: levels increase chickpea
seed yield by 11-18% while altering nutritional
composition, although seed germination remains
unaffected.®®

Seed quality determines crop germination, vigor
and yield. High-quality seeds enhance germination
and seedling vigor, thereby positively affecting the
productivity. Methods such as seed priming and
the maintenance of genome integrity are vital for
improving seed quality and crop yield, thereby
contributing to sustainable crop production.

Seed health testing and certification

Testing and certifying seed health is essential for
maintaining seed quality and safety in international
commerce, as dictated by global standards and
regulations. The significance of this certification is
increasingly acknowledged in its role in facilitating
worldwide trade by fulfilling phytosanitary
requirements and enhancing trust among trading
partners in the global market.

International Standards and Regulations

Seed health testing and certification require
compliance with stringent international standards
aimed at the detection and management of seed-
borne pathogens, as delineated by research
innovations. These standards are subject to
continuous evolution and incorporate advanced
detection methodologies, such as PCR-based
techniques, to ensure reliable results.*® Regulations
are frequently informed by pest risk analysis outcomes
to incorporate scientific advancements and facilitate
the safe and transboundary movement of seeds.
This approach helps circumvent trade barriers and
fosters the harmonization of phytosanitary measures
on a global scale.

Importance in Global Trade

Health certifications play a crucial role in the
international seed trade by facilitating market access
by adhering to the phytosanitary requirements of
importing countries. These certifications function
as quality assurance mechanisms, protecting
agricultural production chains from potential
seed-borne disease outbreaks and bolstering the
confidence of trade partners in seed products.®®
Furthermore, certification can act as a trade
facilitator rather than a barrier, enhancing export
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competitiveness, especially from developing to
developed nations, by raising the standards of seed
quality and reliability.

Seed health testing and certification help to protect
both farmers and the environment. They have also
supported strong international trade by ensuring
product quality and safety. Although challenges
in standardizing global practices remain, current
systems help create a more connected and robust
global seed market.

Challenges in Managing Seed-Borne Diseases

The management of seed-borne diseases poses
considerable challenges, primarily because of
the emergence of new pathogens, evolution
of resistance, impact of climate change, and
limitations inherent to current detection and control
methodologies.

A Significant challenge is the emergence of novel
pathogens and their resistance to treatment. The
expansion of the global seed market has facilitated
the international dissemination of seed-borne
pathogens, necessitating innovations in pathogen
detection and management.*? This includes the
development of advanced techniques, such as
polymerase chain reaction (PCR)-based methods
and hyperspectral imaging, which offer high accuracy
in pathogen detection but require substantial
standardization and validation.#23° Emerging
technologies, such as low-pressure plasma
treatments, show promise in controlling specific
pathogens by damaging their cell structures.®®

Climate change adds complexity to management
efforts by affecting the adaptation and spread
of pathogens. Fluctuations in climate conditions
can impact infection success rates and alter the
behavior of diseases that originate from seeds
and soil.%° Shifts in weather patterns may cause
diseases to emerge in new areas where they were
previously absent, posing challenges to the current
management strategies.

Detection and control methodologies face both
technical and operational constraints. Although
advanced technologies, such as hyperspectral
imaging and nucleic acid-based detection methods,
represent the forefront of pathogen identification,
they are associated with significant costs and require
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interdisciplinary collaboration.*? The standardization
of these methodologies is essential for their broad
adoption and efficacy in seed health testing.®®
Furthermore, although seed treatments can
effectively eradicate pathogens, their environmental
impacts warrant careful consideration, especially
concerning traditional chemical treatments that may
result in ecological imbalances.5'¢2

Moreover, the significance of biosecurity in the
context of the international seed trade should not
be underestimated. Despite the biosecurity risks
associated with seed-borne pathogens, trade
regulations frequently lack stringent controls,
thereby increasing the likelihood of introducing
pathogens into new environments.*® This issue
is further compounded by the existing gaps in
understanding the role and transmission potential
of fungal pathogens linked to seeds.®®

To effectively address these challenges, adopting a
comprehensive strategy that includes technological
innovations, sustainable methods, and enhanced
international regulations for managing seed-borne
diseases is essential.

Discussion

This comprehensive review examined the economic
and environmental implications of seed-borne
diseases in agriculture. Seed-borne pathogens,
including fungi, bacteria, viruses, and nematodes,
significantly affect seed quality, germination rate, and
crop yield, leading to substantial economic losses in
agriculture. This review discusses the transmission
and infection mechanisms of these pathogens,
factors affecting their spread, detection and diagnosis
methods, seed health testing and certification, and
the challenges associated with the management
of seed-borne diseases. This review highlights the
importance of adopting a comprehensive strategy
that includes technological innovations, sustainable
methods, and enhanced international regulations for
the effective management of seed-borne diseases
to ensure sustainable crop production and food
security.

Conclusion

This comprehensive review examines the impact
of seed-borne pathogens on crop production
and food security. These pathogens significantly

438

compromise seed quality, germination rates, and
crop yield, leading to substantial economic losses.
The transmission mechanisms of these diseases are
complex, and environmental factors pose ongoing
challenges. Although advanced detection methods
have improved pathogen identification, further
development is necessary. Seed health testing
and certification are critical; however, international
standards remain unharmonized. Thus, effective
management requires an integrated approach.
Although emerging technologies are promising,
further research is required. Climate change further
complicates these issues. A multifaceted strategy
that encompasses technological innovation,
sustainable practices, enhanced biosecurity, and
international regulatory cooperation is essential.
This approach could safeguard seed health, improve
productivity, and enhance food security.
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